Friction stir processed (FSPed) AZ31 Mg alloy with fine grains was deformed in tension at room temperature (RT) and 100°C to be compared with the same alloy in the extruded condition with coarse grains. Results indicate that texture affects the deformation behavior of AZ31 alloy more than grain refinement does. The work hardening rate of the FSPed alloy shows a prolonged ascending stage at RT and a plateau stage at 100°C, while that of the extruded alloy keeps dropping rapidly. The above discrepancy between the tensile properties of the two test materials arises since basal slip and f10 12g tension twin of low critical resolved shear stress are favored by the FSPed texture but not by the extruded texture. 100°C heating allows basal slip and f10 12g tension twin to contribute significant improvement to tensile ductility in the FSPed alloy, but hastens the instability in plastic strain of the extruded alloy. The work hardening characteristics and deformation properties of the FSPed specimen in tension at RT and 100°C will be compared further in this paper to examine the different tensile behaviors at these two temperatures.
Introduction
Owing to advantages such as low mass density and high specific strength, AZ31 MgAlZn alloy has been used in many structural applications. The alloy is single-phase with hcp crystal structure since its Al content does not reach the level of forming ¢-phase (Mg 17 Al 12 ). When a magnesium alloy of such crystal structure is deformed at room temperature, it is well recognized that basal slip and f10 12g tension twin are substantially lower in critical resolved shear stress (CRSS) compared to non-basal slip and f10 11g compression twin. 13) However, whether a slip/twinning system is active also depends on the deformation mode and the texture of the material being deformed. Different active slip/twinning systems have different effects on the flow behavior.
Friction stir process has gained much attention during the past decade, mainly in view of microstructure control as well as the potentiality of making metal matrix composites. 4) One pronounced feature of the friction stir processed (FSPed) microstructure for a magnesium alloy is grain refinement, and another is the texture of c-axis rotating around the center of the stirring pin.
58) Despite the possible strengthening effect of the grain refinement, the tensile response of FSPed AZ31 alloy along the process direction can actually result in a significantly lower flow stress relative to the alloy in the extruded and rolled condition as well. 5, 812) Apart from this softening phenomenon, friction stir process can actually enhance the tensile ductility of AZ31 alloy. 8, 1012) Our previous reports have shown that more than 20% tensile ductility can be consistently achieved at room temperature. 8, 11, 12) But basal slip alone is by no means sufficient to retain the enhanced ductility, and therefore the f10 12g twin deformation which has low critical resolved shear stress may be another influential factor on ductility enhancement.
The above-mentioned texture of the FSPed specimen actually improves its tensile ductility at room temperature.
Our investigation has shown that tensile ductility of more than 35% can be consistently achieved at elevated temperatures, 12) and FSPed AZ31 alloy exhibit the greatest increase in its tensile ductility at only 100°C acquired by boiled water heating. In this study, the contribution of the textural feature and the twinning factor on the improvement in tensile ductility around 100°C will be the main focus of examination. Another aim is to explore a possible solution to the insufficient formability problem. The application of warm forming can significantly increase the usable ductility of magnesium alloys by delaying the growth of necking instability and fracturing. For the purpose to take advantage of this effect, the microstructural evolution during the tensile deformation that causes the increasing ductility in AZ31 alloy will be further examined.
Experimental Procedures
An AZ31 billet with composition 3.3 Al, 0.6 Zn and 0.6 Mn (in mass%) was used for this study. The billet was extruded at 320°C to obtain 6-mm thick plates in the extruded condition. Figure 1(a) shows schematically the friction stir process, where the process direction (PD) was set parallel to the extrusion direction (ED). The profile of the stirring tool is depicted in Fig. 1(b) , which indicates a pin diameter of 5.5 mm and pin depth of 4 mm. The process was performed under 1600 rpm rotation speed, 60 mm/min traveling speed and 160 MPa loading pressure, where the stirring tool was tilted 1.5°backward from the process direction. The resulting microstructure of the FSPed alloy is given in Fig. 2(a) , where grain refinement of FSP can be examined in comparison with the extruded condition ( Fig. 2(b) ). Measured using the lineal intercept method, the grain size of the FSPed alloy was 8 µm, and that of the extruded alloy was 184 µm measured in the transverse direction (TD) and 110 µm in the normal direction (ND).
X-ray diffraction patterns (Cu target, 30 kV, 20 mA) of the PD // ED and transverse sections were collected to reveal the texture of both condition. For the FSPed alloy, Fig. 1(c) indicates that the X-ray specimens of the transverse section were taken from the retreating side (RS), center region (SZ) and advancing side (AS) in the stir zone, where the two end sides matched widthwise with the tensile gauge-length section. Orientation distribution of the extruded alloy and in the centerline of the stir zone was measured using a thin film X-ray diffractometer equipped with a RINT2000 wide angle goniometer (Cu target, 50 kV, 300 mA).
The tensile specimens were rectangular with 15-mm length, 3.7-mm width and 1.7-mm thickness in the gaugelength section (see Fig. 1(d) ). The tensile direction was parallel to the process direction of the FSPed alloy and the extrusion direction of the extruded alloy. All tests were carried out with an initial strain rate of 8.3 © 10 ¹4 s
¹1
. Room temperature (RT) and 100°C, at which twinning deformation may take place, were chosen as the test temperatures. The tensile data of each test condition were collected from at least three test results.
Experimental Results

Effect of 100°C heating on tensile deformation
resistance and ductility Figure 3 illustrates the comparison of tensile deformation resistance and ductility between the extruded and the FSPed specimens. At RT and 100°C, the FSPed AZ31 specimens exhibit considerably low strength and significant high ductility in comparison with the extruded specimens since the FSPed AZ31 alloy possesses a finer grain structure as shown in Fig. 2(a) . The ultimate tensile stress of the FSPed specimen is even lower than the yield stress of the extruded specimen. This implies that apart from grain refinement an additional microstructural feature plays a crucial role in reducing the tensile strength and increasing ductility. temperature to 100°C has the least effect on the yield point of both the extruded and the FSPed sample. Compared with the above-mentioned phenomenon of deformation resistance, the influence of 100°C heating on tensile ductility of the FSPed sample is shown in Fig. 3 (b), which reveals a significant ductility improvement from 23% at RT to 35% at 100°C. This ductility improvement is accompanied by an increase in uniform elongation of the FSPed specimen. But for the extruded AZ31 alloy, heating temperature of 100°C has a limited effect on increasing the tensile ductility ( Fig. 3(b) ), while the uniform elongation of the extruded specimen reduces at 100°C in comparison with that at RT. Therefore, the effect of 100°C heating on increasing tensile ductility appears to vary between the extruded and the FSPed materials. Further investigation is needed to confirm whether this trend is also observed in other magnesium alloys.
Effect of 100°C heating on work hardening behavior
Based on the work hardening rate data in the strain regime of uniform deformation at RT and 100°C, the variation in work hardening rate corresponding to each flow curve can be examined in Fig. 4 . It is interesting to compare the correlation between the flow curves and the work hardening rate (¦·/¦¾) of the tested specimens in the high tensile strain stage close to uniform elongation. Each work hardening rate meets its flow curve at the ultimate tensile point except the FSPed specimen tested at RT. In addition, it should be noted that there is an apparent difference in the initial strain stage between the extruded and the FSPed materials since a smaller initial work hardening rate is observed in the FSPed alloy. Under identical experimental conditions, the work hardening rate of the extruded alloy tends to keep dropping continuously and rapidly with increasing tensile strain while the FSPed alloy shows a prolonged stage of ascent (RT) or a plateau (100°C) work hardening trend following its initial descending stage. Consequently, at each test temperature, the work hardening rate of the FSPed alloy begins to exceed that of the extruded alloy in the early period (Fig. 4) .
From the results illustrated in Fig. 4 , raising the test temperature to 100°C diminishes the work hardening gradient for both the extruded and the FSPed specimens. For the FSPed alloy, its work hardening gradient at RT is not only greater than that at 100°C heating, but increases subsequently with raising tensile strain. In contrast, a reduction and steady state in the work hardening rate can be acquired with 100°C heating. The extent of this change is significant in the FSPed specimen. For example, as shown in Fig. 4 , the work hardening rate of the 100°C heating specimen remains fairly constant.
Deformed microstructural feature of FSPed sample
at room temperature and 100°C heating Figure 5 shows the X-ray diffraction patterns of the test materials in comparison with the magnesium powder (JCPDS Powder Diffraction Data Card No. 35-0821). Meanwhile, Fig. 6 shows {0002} and f10 10g pole figures of the extruded and the FSPed alloy, where the data of the FSPed alloy were obtained from the TD section of the center portion of the stir zone. For the FSPd alloy, Fig. 5(a) indicates high f10 10g and f11 20g intensities of the TD section in the center portion of the stir zone; the figure also indicates higher f10 11g intensity of the two end sides compared to the center portion. High f10 10g intensity of the center portion is also revealed by the f10 10g pole figure given in Fig. 6 . As for {0002} plane, its intensity level is low in the diffraction pattern of the PD section (see Fig. 5(a) ) and in the pole figure associated with the TD section of the center portion as well (see Fig. 6 ). All the above results depict the FSPed texture mentioned in Sec. 1, i.e., c-axis rotating around the stirring pin. Such a texture is also accompanied with the c-axis tilted from the PD plane since f10 11g, f10 12g and f10 13g have high intensity on the PD section (Fig. 5(a) ).
After tensile fracturing, many deformation twins as those illustrated in Fig. 7 can be observed at both test temperatures. It should noted that fracturing along twinning regions can be observed in the extruded specimen tested at 100°C as shown in Fig. 7(b) . As an illustration, the microstructure of each specimen deformed to about 0.03 true plastic strain is depicted in Fig. 8 , where that strain corresponds to the initial stage of increasing work hardening rate for the FSPed alloys. According to Fig. 8 , twinning deformation can actually take place in the early stage of deformation. It is reasonable to suggest that the twinning deformation can actually play a crucial role in the discrepancy of the work hardening behavior between the specimens in tension at RT and 100°C heating.
Discussion
The tensile ductility of the FSPed AZ31 alloy at 100°C is superior to that at RT. Since the FSPed alloy reveals practically similar values of uniform elongation and total elongation at the given test temperatures (see Fig. 3(b) ), it is uniform deformation that governs its superior tensile ductility. Owing to the existence of a prolonged ascending (RT) or a plateau (100°C) stage, the work hardening rate of the FSPed alloy can maintain a certain level persistently (see Fig. 4 ). Although the work hardening rate of the extruded alloy is rather high initially, it drops rapidly down below this level. A material deformed persistently with a higher work hardening rate can have a larger uniform strain by suppressing strain localization. 13) At uniform strain or at the ultimate tensile point, the true tensile stress and the work hardening rate obey Considère's criterion, (i.e., · = d·/d¾); in other words, necking begins when the increasing flow stress meets the decreasing work hardening rate. This situation can be delayed by reducing the initial flow stress (yield strength) or prolonging the high work hardening rate as the result of microstructure control. From Fig. 4 , the correlation between work hardening rate and each flow curve is in good agreement with the above-mentioned criterion except the FSPed specimen tested at RT. The FSPed alloy is lower in yield strength, and it can also maintain a prolonged stage of high work hardening rate, especially at 100°C. Therefore, it is expected that the FSPed alloy can be strained uniformly to a larger extent. The extruded alloy has a coarse grain structure that is favorable for the generation of deformation twins. 14, 15) Based on the microstructure strained to 0.03 (Figs. 8(a) and 8(b) ), deformation twins appear in early strain stage of the extruded alloy. According to the X-ray results shown in Figs. 5(b) and 6, the c-axis of the extruded specimen is perpendicular to the extrusion direction. It can be deduced that the dominant twinning system in the extruded alloy is compression twin, 16) which is in good agreement with the high yield stress of the extruded specimen. However, it is indicated that the occurrence of tension twin is not restricted by the geometrical relation corresponding to loading direction due to the stress concentration effect and its low critical shear stress. 17) Although the yield phenomenon of the extruded alloy shows no sign of the tension twin with low CRSS, it is not unexpected that tension twin generates for accommodating the plastic strain of the extruded specimen.
A rapid drop of the work hardening rate with rising strain is the characteristic of the extruded alloy in tension at RT and 100°C (Fig. 4) . In the extruded alloy, the presence of the compression twin, the dominant twinning system, can cause shear localization to occur more easily, 16, 17) which contributes to the rapid drop of the work hardening rate and even the failure in the extruded alloy. Formed at the initial strain of the extruded alloy (Figs. 8(a) and 8(b) ), twining regions undergo further deformation with increasing strain. Taking the case with c-axis perpendicular to the tensile direction as an illustration, Fig. 9(a) shows the alignment of {0002} and f10 10g in the original extruded alloy. Within twinning regions, the reorientation of basal planes in the extruded alloy is illustrated in Figs. 9(b) and 9(c) , where the rotating degrees are 86 and 56°for tension twin and compression twin respectively. From Figs. 9(b) and 9(c), reorientation in the extruded alloy by twinning makes the c-axis close to the tensile axis in most cases, which promotes basal slip. Since basal slip is more favorable in twinning regions than in the original matrix, it can be deduced that the reorientation in these regions is probably a softening factor leading to the rapid drop in the work hardening rate of the extruded alloy. Furthermore, dynamic recovery is probably another softening factor since the twin boundaries of f10 11g compression twin may act as dislocation sinks which contribute to dynamic recovery. 18) Although the formation of deformation twins is suppressed in the friction stir processed AZ31 alloy due to grain refinement, 5) the presence of deformation twins in the FSPed alloy can be observed in this investigation (Figs. 7 and 8) . Some larger grains (>20 µm) can be recognized in the FSPed alloy as shown in Figs. 8(c) and 8(d) , and therefore these larger grains tend to twin preferentially. 14) Tilted from the tensile direction, the basal plane alignment of the FSPed alloy is favorable for basal slip and f10 12g tension twin and unfavorable for f10 11g compression twin. Furthermore, the flow stress of the FSPed alloy is not high enough to generate the compression twin since the extruded alloy with coarse grains generates the compression twin with high flow stress.
As revealed in Fig. 4 , the work hardening rate of the FSPed alloy decreases initially only for a short period, and then increases persistently with increasing strain at RT. For the FSPed alloy, f10 12g tension twin with low CRSS takes place in the early stage of deformation (see Figs. 8(c) and 8(d)), and continues to occur until larger strain. 8) Since the twin boundaries of f10 12g tension twin can play a strengthening role by inhibiting dislocation slip, 19) continuous evolution of f10 12g tension twin is probably a cause of the pronounced work hardening rate behavior of a short descending stage followed by a prolonged ascending. Comparatively, this prolonged duration can be extended when the heating temperature is raised to 100°C. The geometrical relation between f10 12g tension twins and the In the situation where basal planes in the matrix are tilted from the tensile direction, the basal planes inside the twin are tilted from or parallel to the tensile direction as shown in Fig. 9 (e). With basal planes tilted from the tensile direction, the orientation in twins is also beneficial for basal slip; however, an 86°rotation of basal planes prohibits dislocation slipping across twinning regions and the matrix, which induces the stress concentration on the twin boundaries. On the other hand, twins with the orientation where basal planes are almost parallel to the tensile direction are high in flow resistance since they are not favorable for basal slip and preclude for f10 12g tension twin. This strengthening effect can be escalated with increasing the number of twins, which should be another factor leading to the persistent increase of work hardening rate.
The discrepancy in work hardening behavior when the FSPed alloys were tested at 100°C and RT can be easily seen in Fig. 4 . The RT specimen possesses a higher work hardening rate than the 100°C heated specimen in spite of showing a shorter uniform elongation, while the work hardening rate reveals different evolutions with rising tensile strain. In the 100°C heated specimen, the correlation between the work hardening rate and the flow curve follows Considère's criterion which the flow stress is equal to the work hardening rate at uniform strain. 19) In contrast, the work hardening rate of the RT specimen is about 800 MPa which is much higher than the flow stress of the flow curve. Apparently the increasing work hardening rate of the RT specimen causes its flow stress to exceed its fracture stress, which results in fracturing before necking. It is reasonable to suggest that the accommodation acquired by slip and twinning is easier at 100°C. This situation may cause the FSPed alloy tested at 100°C to maintain a certain level in the work hardening rate that is neither high enough to result in fracturing, nor low enough to induce strain localization during the tensile deformation.
Conclusion
This exploration has contrasted the discrepancy of the tensile behavior of AZ31 alloy between FSPed condition and extruded condition, for which the tensile direction was set along the friction stir process direction and the extrusion direction. The following conclusions can be drawn from the results and discussion:
(1) The FSPed texture of the c-axis tilted from process direction will promote twinning of tension twin and basal slip and result in its low deformation resistance since the extruded texture of the c-axis perpendicular to the extrusion direction does not favor both basal slip and tension twin of low critical resolved shear stress. (2) The twin boundaries of tension twins can act as barriers for dislocation slip and induce stress concentration. Probably owing to the above hardening factors, continuous generation of tension twin in the FSPed alloy will quickly reverse its work hardening rate from initial descending stage to a prolonged ascending stage. (3) Twinning regions in a grain with c-axis close to the tensile direction can activate basal slip and tension twin in the twin interior. Compression twins can also induce shear localization. These two softening factors are probably the major cause of the rapid drop in the work hardening rate observed in the extruded alloy. (4) The FSPed alloy could not only maintain a higher level of work hardening rate but was also lower in yield strength, and thus its tensile ductility was superior to the extruded alloy. 100°C heating can enhance this advantage by retarding fracture with a lower work hardening rate. 
